Eukaryotic DNA replication initiation requires the sequential assembly of protein complexes at origins of replication. In G1 phase, the Mcm2-7 replicative helicase is loaded onto dsDNA as a head-to-head double hexamer in an inactive state (Evrin et al. 2009; Remus et al. 2009; Ticau et al. 2015 Ticau et al. , 2017 . As cells progress into S phase, two kinases, S-phase cyclin-dependent kinase (S-CDK) and the Dbf4-dependent Cdc7 kinase (DDK), promote the association of two helicase activators, Cdc45 and GINS, with Mcm2-7. DDK phosphorylation of Mcm2-7 stimulates the association of Cdc45, Sld3, and Sld7 (Heller et al. 2011; Deegan et al. 2016 ) followed by the S-CDK-dependent recruitment of a complex between Sld2, Dpb11, DNA polymerase ε (Pol ε), and GINS (Tanaka et al. 2007; Zegerman and Diffley 2007; Muramatsu et al. 2010; Yeeles et al. 2015) . Cdc45 and GINS association with Mcm2-7 forms the replicative DNA helicase, the Cdc45/Mcm2-7/GINS (CMG) complex (Moyer et al. 2006; Ilves et al. 2010) , but initial DNA unwinding by this assembly and commitment to replication initiation require Mcm10 (Kanke et al. 2012; van Deursen et al. 2012; Watase et al. 2012) . The resulting ssDNA facilitates recruitment of the remaining DNA synthesis machinery (Heller et al. 2011) .
The process of helicase activation requires the loaded Mcm2-7 double hexamer and its associated DNA to undergo major conformational changes. Initially, Mcm2-7 double hexamers encircle dsDNA (Evrin et al. 2009; Remus et al. 2009 ). In contrast, activated CMG complexes at replication forks contain a single Mcm2-7 complex and encircle ssDNA (Fu et al. 2011; Yardimci et al. 2012; Sun et al. 2015; Georgescu et al. 2017) . Structural studies have captured Mcm2-7 at multiple stages during helicase loading and in the CMG complex (Sun et al. 2013; Li et al. 2015; Abid Ali et al. 2016; Yuan et al. 2016; Georgescu et al. 2017 ). These structures have provided important insights into Mcm2-7 loading and the interactions of Mcm2-7 with Cdc45 and GINS. Nevertheless, the Mcm2-7 conformational changes necessary for DNA unwinding are controversial (Abid Ali et al. 2016; Yuan et al. 2016; Georgescu et al. 2017) , and the events that drive the transition from the initially loaded inactive double hexamer to the activated CMG complex are poorly understood.
Although the general consequences of Mcm10 loss are understood, how it activates the CMG complex to initiate DNA unwinding is unclear. Recruitment of Cdc45 or GINS to Mcm2-7 is independent of Mcm10 (Kanke et al. 2012; van Deursen et al. 2012; Watase et al. 2012; Yeeles et al. 2015) . In contrast, Mcm10 is required for initial DNA unwinding at origins of replication (Kanke et al. 2012; van Deursen et al. 2012; Watase et al. 2012; Yeeles et al. 2015) and has been implicated in the separation of the Mcm2-7 double hexamer (Quan et al. 2015) . It is possible that the double hexamer of the Mcm2-7 complex inhibits DNA unwinding and that Mcm10 activates unwinding by causing double-hexamer separation (Quan et al. 2015) . Alternatively, Mcm10 could facilitate extrusion of ssDNA from the Mcm2-7 central channel, enabling the transition from Mcm2-7 encircling dsDNA to ssDNA (Costa et al. 2014 (Quan et al. 2015; Douglas and Diffley 2016) . In addition, genetic studies suggest an important interaction between Mcm10 and Mcm2 (Homesley et al. 2000; Apger et al. 2010; Lee et al. 2010 ). Finally, Mcm10 associates with the replisome under certain conditions (Ricke and Bielinsky 2004; Gambus et al. 2006) , although the biological significance of this interaction is unclear. Despite these observations, a specific Mcm10-binding site has not been identified on any Mcm2-7 subunit.
In this study, we used a combination of molecular genetics and reconstituted DNA replication assays to investigate Mcm10 function. Using Mcm2-Mcm10 interaction data, we identified a conserved Mcm10-binding motif in Mcm2. Although obscured in current Mcm2-7 structures, mutants designed to expose the Mcm10-binding motif bypassed conditional-lethal MCM10 mutations. Consistent with a direct effect of Mcm10 binding on Mcm2-7, Mcm10 stabilized Cdc45 and GINS association with Mcm2-7. Additionally, we observed that Mcm10 stimulated replication elongation both in vivo and in vitro and characterize an Mcm10 separation-of-function mutant that is specifically defective in this elongation function. Our findings expand the roles of Mcm10 and illuminate its mechanism of function.
Results

Mcm10 binds a conserved region in the Mcm2 N-terminal domain
During Mcm10 purification, we observed three copurifying proteins. Two of the proteins comigrated with Mcm6 and Mcm4 during SDS-PAGE ( Fig. 1A) . Consistent with recent findings (Quan et al. 2015; Douglas and Diffley, 2016) , mass spectrometry confirmed that these pro- We next tested the importance of this Mcm10-binding motif for Mcm2 function. When present as the only copy of the MCM2 gene, yeast strains lacking (mcm2-Δ290-299) or with substitution mutations (mcm2-mbm) in the Mcm10-binding motif in Mcm2 showed strong growth defects or cell death, respectively (Fig. 1F, . These mutations are not dominant, as normal cell growth is detected when wild-type MCM2 is also present ( Fig. 1F , −URA panel).
Disrupting interactions in the Mcm2 N-terminal domain bypasses Mcm10 depletion
The structures of the initially loaded Mcm2-7 complex and the CMG complex (Yuan et al. 2016) showed that the Mcm10-binding motif in Mcm2 is buried between the A subdomain and the OB-fold of Mcm2, restricting the accessibility of these residues ( Fig. 2A ). This finding suggests that Mcm10 either captures or induces the displacement of the A subdomain to access the Mcm10-binding motif. To investigate the importance of the interaction between the Mcm2 OB-fold and A subdomain, we generated mutants at the interface between these domains ( Fig. 2B ). Each of these alleles was viable when present as the only copy of MCM2 (Fig. 2C) .
To test the hypothesis that Mcm10 displaces the Mcm2 A subdomain, we asked whether the mutations at the interface of the Mcm2 OB-fold and A subdomain complemented the lethal depletion of Mcm10 from the nucleus. We used the anchor-away method (Haruki et al. 2008) to deplete Mcm10 linked to a rapamycin-binding protein (Mcm10-FRB) from the nucleus (Fig. 2D, top) . Importantly, yeast strains containing mcm10-FRB showed rapamycin-dependent cell death that was rescued by In all strains, the endogenous MCM2 gene is deleted, and a copy of wild-type MCM2 is present on a URA3-containing plasmid. MCM2 mutants that eliminated (mcm2-Δ290-299) or mutated (mcm2-mbm) the Mcm10-binding motif were integrated into the LEU2 locus. Growth on −URA medium retains wild-type MCM2 and indicates that the mutants are not dominant. Growth on 5-FOA selects against cells containing wild-type MCM2 plasmid, revealing the functionality of mcm2-Δ290-299 or mcm2-mbm alleles. Fivefold serial dilutions of cells were grown on the indicated media for 3 d at 30°C. See also Supplemental Table S1. expressing wild-type MCM10 (Fig. 2D , first and second rows). For most of the MCM2 mutants, depletion of Mcm10 from the nucleus remained lethal. Remarkably, two of the mutants (mcm2-bom1 [bypass of Mcm10] and mcm2-bom2) restored viability to cells depleted of Mcm10 ( Fig. 2D ). Supporting the hypothesis that disrupting the OB-fold/A subdomain interaction complements Mcm10 depletion, the residues mutated in Mcm2-bom1 and Mcm2-bom2 are located opposite from one another on the OB-fold and A subdomain, respectively.
To further explore the ability of the mcm2-bom1 and mcm2-bom2 alleles to bypass Mcm10 function, we tested two other MCM10 conditional-lethal alleles-mcm10-1 (Merchant et al. 1997; Homesley et al. 2000) and mcm10-1td (van Deursen et al. 2012)-and a complete MCM10 deletion (Δmcm10). Under conditions that are lethal for mcm10-1 and mcm10-1td, we found that mcm2-bom1 or mcm2-bom2 restored cell viability (Supplemental Fig. S1A,B ). Despite restoring growth to the conditional-lethal alleles, Δmcm10 could not be bypassed by either mcm2-bom1 or mcm2-bom2 (Supplemental Fig. S1C ). The inability to bypass Δmcm10 suggests that mcm2-bom1 and mcm2-bom2 require Mcm10 but at much lower levels than wild-type MCM2 (see the Discussion). Consistent with this hypothesis, further depletion of the Mcm10-1td protein (by induction of the Ubr1 protein) led to reduced growth rates in the presence of mcm2-bom1 and mcm2-bom2 (Supplemental Fig. S1B , cf. panels i and ii). Nevertheless, the ability to rescue multiple conditional-lethal alleles of MCM10 by mutating the Mcm2 OB-fold and A subdomain interface strongly supports the conclusion that binding to this region of Mcm2 is critical for Mcm10 function.
Mcm10 stabilizes the CMG complex
We used a modified reconstituted DNA replication assay (Yeeles et al. 2015) to further investigate the mechanism and importance of the Mcm10-Mcm2 interaction during DNA replication. To mimic the in vivo order of replication events, we sequentially incubated subsets of purified replication proteins (Supplemental Fig. S2A ) with a replication origin-containing circular DNA template coupled to magnetic beads. This assay has many hallmarks of eukaryotic DNA replication, including dependence on the S-CDK and DDK kinases and all of the helicase-activating proteins (Supplemental Fig. S2B ). The polymerases and accessory DNA replication proteins used in the assay were also shown to be functional (Supplemental Fig. S2C, D) We initially assessed the requirements for Mcm10 binding during CMG formation, as it is controversial whether only Mcm2-7 loading (Wohlschlegel et al. 2002; Karnani and Dutta 2011; van Deursen et al. 2012) or full CMG formation (Heller et al. 2011; Kanke et al. 2012; Watase et al. 2012; Douglas and Diffley 2016) is required for recruitment of Mcm10 to origin DNA. We assembled CMG complexes using a simplified assay involving three steps: Mcm2-7 loading, DDK phosphorylation, and CMG formation ( et al. 2015) . Also in agreement with previous data (Heller et al. 2011; Kanke et al. 2012; van Deursen et al. 2012; Yeeles et al. 2015) , we found similar levels of DNA-associated Cdc45 and GINS regardless of the presence of Mcm10 after washing with a low-salt buffer (Fig. 3B , lanes 2,3). Washing the same reactions with a stringent highsalt buffer (containing 0.5 M NaCl) revealed that only CMG complexes treated with Mcm10 were retained on the DNA (Fig. 3B , lanes 5,6), while Pol ε and RPA were released. Interestingly, this increased stability of Cdc45 and GINS association did not require continued Mcm10 binding, as the high-salt wash also released Mcm10 from the template. Together, these data show that Mcm10 associ-ates with and alters the CMG in a manner that stabilizes Cdc45 and GINS association with Mcm2-7.
To determine whether the high-salt-washed CMG complexes were true intermediates in the replication initiation process and competent for DNA replication, we added replication elongation proteins (Pol ε, Pol α, Pol δ, Top2, Ctf4, RPA, RFC, PCNA, and Mcm10 as indicated) and all nucleotides to initiate DNA synthesis ( Fig. 3C ). Because free Cdc45 and GINS were removed during the high-salt wash, new CMG formation was prevented during this last incubation. No DNA synthesis was observed when Mcm10 or DDK was omitted from these reactions ( Fig. 3C ). When Mcm10 and DDK were included, DNA synthesis initiated from the high-salt-resistant CMG complexes (Fig. 3C , lane 6), indicating that they are functional replication intermediates. The reduced DNA replication initiating from the high-salt-washed relative to low-salt-washed CMG complexes (Fig. 3C , lanes 3,6) was likely caused by the higher amounts of Cdc45 and GINS retained after the low-salt wash ( Fig. 3B ) that were subsequently activated by Mcm10 present during the final DNA replication step.
Mcm2 mutants that bypass Mcm10 function increase replication product lengths
To further explore the significance of the Mcm10-Mcm2 interactions in vitro, we purified Mcm2-7/Cdt1 complexes containing the mcm2-mbm, mcm2-bom1, or mcm2-bom2 mutation. We compared the wild-type and mutant complexes in the CMG formation assay followed by a low-salt wash. We detected significantly weaker binding of Mcm10 to CMG complexes formed with Mcm2-7 2-mbm and Mcm2-7 2-bom2 ( Fig. 3D ), consistent with these mutants altering the Mcm10-binding motif. In contrast, Mcm10 association with Mcm2-7 2-bom1 , which does not alter the Mcm10-binding motif, was near wild-type levels. In addition to Mcm10-binding defects, Mcm2-7 2-mbm and Mcm2-7 2-bom2 mutant complexes exhibited weak CMG formation defects even in the absence of Mcm10. These findings suggest that the Mcm10-binding region contributes to initial CMG formation.
We also assessed the replication capacity of the mutant Mcm2-7 complexes. For these assays, we added the proteins required for CMG formation and initiation of DNA synthesis to a single final incubation ( Fig. 3E,F) . Consistent with the Mcm10-binding and CMG formation defects observed for Mcm2-7 2-mbm , DNA synthesis was reduced in reactions containing this mutant complex ( containing Mcm2-7 2-bom1 or Mcm2-7 2-bom2 , the resulting replication products were longer than those observed with wild-type Mcm2-7 ( Fig. 3F ). This effect on the length of replication products raised the possibility that Mcm10 functions during replication elongation.
Mcm10 stimulates DNA replication elongation
To address the hypothesis that Mcm10 is involved in replication elongation, we titrated the amount of Mcm10 added to the three-step reconstituted DNA replication assay (see Fig. 3E ) and examined the resulting replication products (Fig. 4A ). Consistent with Mcm10 stimulating replication elongation, decreasing amounts of Mcm10 resulted in shorter replication products. Interestingly, the concentrations of Mcm10 that reduce replication product lengths remain saturating for DNA unwinding and CMG stabilization during initiation (Fig. 4B) . This difference in the effective Mcm10 concentration suggests that either the affinity of Mcm10 binding necessary to activate initiation and elongation differs or Mcm10 functions differently during the two events.
The effect of Mcm10 titration on replication product length was not observed for other helicase-activating proteins. Titrations of Cdc45 or Dpb11 reduced the amount but not the length of the DNA replication products (Supplemental Fig. S4A,B) , consistent with an effect on initiation but not elongation. In contrast, titration of the known processivity factor PCNA (Prelich et al. 1987 ) showed altered replication product lengths (Supplemental Fig.  S4C ). Because previous studies have suggested that Mcm10 interacts with PCNA (Das-Bradoo et al. 2006) , we asked whether the presence of PCNA was required to observe the Mcm10-dependent effects on replication product length. Although replication products were shorter in the absence of PCNA, reducing Mcm10 levels in this condition further decreased replication product length (Fig. 4C ). Thus, Mcm10 impacts replication elongation independent of PCNA.
Because CMG stabilization and replication elongation occurred in the same step in the previous assays, we modified our assay to isolate the effect of Mcm10 on elongation (see Fig. 3C ). After CMG assembly, Mcm10 was removed with a high-salt wash. Subsequently, DNA synthesis was activated by addition of DNA polymerases and accessory factors with or without Mcm10. In agreement with an elongation role, addition of Mcm10 to the separate DNA synthesis step resulted in longer DNA replication products (Fig. 4D ).
An Mcm10 mutant that is unable to function during elongation
To further understand Mcm10 function, we sought to identify functionally important regions of Mcm10. To this end, we generated MCM10 truncations ( Fig. 5A) and Figure 3E with the indicated amounts of Mcm10. Replication product distributions for lanes 3-5 were analyzed as described in A. (D) Mcm10 stimulates replication elongation. Highsalt-resistant CMG complexes were formed and DNA replication was initiated with the same proteins as in Figure 3C except that either Mcm10 was omitted or the indicated amount was added during the replication step.Replication product intensitieswere analyzed as described in A. See also Supplemental Figure S4. analyzed their ability to complement the lethal mcm10-FRB anchor-away phenotype (see Fig. 2D ). Deletion of the N-terminal domain of Mcm10 resulted in no growth defects. In contrast, several C-terminal domain truncations revealed a region of Mcm10 (residues 399-434) that was critical for viability ( Fig. 5B ). Alanine scanning of this region identified a mutant (mcm10-A3) that was unable to support cell growth (Fig. 5B) . Fig. S5A,B) . However, in the context of the CMG complex, Mcm10-A3 showed an ∼10-fold reduction in binding affinity (Fig.  6A, panel i) . Despite this binding defect, Mcm10-A3 was comparable with wild-type Mcm10 in establishing highsalt-resistant CMG complexes (Fig. 6A, panel ii; Supplemental Fig. S5C ) and stimulating initial DNA unwinding (as measured by RPA recruitment) ( Fig. 6A, panel i) . In contrast, when incorporated into the complete replication assay, Mcm10-A3 resulted in reduced and shorter replication products compared with wild-type Mcm10 (Fig.  6Aiii) .
To further address whether salt-stable CMG complexes formed with Mcm10-A3 were functional for replication initiation and elongation, we performed replication assays with separate CMG formation and DNA replication steps (see Fig. 3C ). CMG complexes were assembled with either wild-type Mcm10 or Mcm10-A3 followed by a high-salt wash to remove Mcm10 and unstable CMG complexes. In both cases, subsequent addition of wild-type Mcm10 during the DNA replication elongation step resulted in substantial replication (Fig. 6B) . In contrast, addition of Mcm10-A3 during the elongation stage showed background levels of replication independent of whether wild-type Mcm10 or Mcm10-A3 was present during initial CMG formation. These findings establish that Mcm10-A3 is a separation-of-function mutant that is competent to stabilize the CMG complex and activate initial DNA unwinding but is defective in the stimulation of replication elongation.
Mcm10 stimulates replication elongation in vivo
Although our in vitro studies showed that Mcm10 stimulates replication elongation, it was important to determine whether Mcm10 contributes to replication elongation in vivo. To this end, hydroxyurea (HU) was used to arrest mcm10-1td cells in early S phase, and Mcm10-1td was degraded by shifting cells to 37°C. At this arrest point, any roles of Mcm10 in CMG formation and initial replisome formation at early replicating origins have been completed. In addition, CDC7 was replaced with cdc7-1 to prevent the activation of new origins after release from HU treatment (Bousset and Diffley 1998; Donaldson et al. 1998 ). Thus, under nonpermissive conditions, only replication elongation by replisomes formed before the HU arrest will determine the rate of completing genome duplication as measured by analysis of DNA content by flow cytometry.
After release from the early-S-phase arrest, comparison of cdc7-1 and cdc7-1 mcm10-1td cells revealed that Mcm10-1td degradation resulted in a significant delay in completing S phase (Fig. 6C) . Importantly, the elongation defects observed after Mcm10-1td degradation were rescued in cells that expressed MCM10 from another locus. Consistent with a defect in elongation stimulation, expression of mcm10-A3 failed to rescue the elongation defect of cdc7-1 mcm10-1td cells (Fig. 6C ). These findings indicate that Mcm10 contributes to replication elongation in vivo and that the stimulation of replication elongation by Mcm10 observed in vitro is not an artifact due to the formation of incomplete or defective replication forks.
Discussion
Our findings provide multiple insights into the function of Mcm10 during DNA replication. We identified a Mcm10binding motif at the interface between the OB-fold and A subdomain of Mcm2 and found that mutants predicted to expose this region restore growth to conditional-lethal alleles of MCM10. We demonstrated that Mcm10 alters the CMG complex in a manner that stabilizes Cdc45 and GINS association with Mcm2-7. Importantly, our data indicate that, in addition to its previously known role during initial helicase activation, Mcm10 stimulates replication elongation. Together, these data support a model in which Mcm10 activates the CMG complex throughout DNA replication. -7) was used for CMG formation followed by a low-salt wash (panel i) or highsalt wash (panel ii) or for DNA replication (panel iii). The reaction scheme for panels i and ii was the same as Figure 3A . The reaction scheme for panel iii was the same as Figure 3E . Immunoblots of DNA-associated proteins are shown for panels i and ii. Labeled DNA replication products were analyzed for panel iii as described in Figure 3C Figure 3C . (C) Mcm10 facilitates replication elongation in vivo. Flow cytometry analysis of the DNA content of cdc7-1 cells with the indicated alleles of MCM10. Cells grown in YP-glucose were arrested first in G1 phase with α factor and then in early S phase with hydroxyurea (HU) at 25°C. Next, mcm10-1td was degraded by shifting cells to 37°C in HU. Subsequently, cells were released from HU arrest at 37°C into nocodozole-containing medium at 37°C. To test the complementation of the mcm10-1td allele, an additional copy of MCM10 or mcm10-A3 was inserted at the LEU2 locus. See also Supplemental Figures S1 and S5. binding site that is formed at the interface of the OB-fold and A subdomain. However, several observations argue against this hypothesis: (1) Deletion of the Mcm10-binding motif inhibits Mcm10 binding in the absence of the OB-fold (Fig. 1D, lanes 15,19) , (2) Mcm10 does not bind the OB-fold alone (Fig. 1D, lane 16) , and (3) a protein fragment including the OB-fold and the A subdomain does not bind Mcm10 better than the A subdomain alone (Fig. 1D,  lanes 12,15) .
Mcm10 remodels the CMG complex
Instead of binding to a site formed by both the OB-fold and A subdomain, we propose that Mcm10 induces or captures a conformational change in Mcm2 that exposes the Mcm10-binding motif, resulting in CMG activation. Consistent with this hypothesis, mutations on both sides of the Mcm2 OB-fold/A subdomain interface designed to expose the Mcm10-binding motif restore viability to cells with conditional-lethal MCM10 alleles (Fig. 2 ; Supplemental Fig. S1 ). In addition, Mcm2-7 complexes containing these mutations allow replication initiation in the absence of Mcm10 in vitro (Fig. 3F ). Although the Mcm10-binding motif is buried in current Saccharomyces cerevisiae Mcm2-7 structures Yuan et al. 2016) , the A subdomain is rotated, and the Mcm10-binding motif is exposed in the only full-length structure of an active archaeal MCM complex (Supplemental Fig. S6 ; Miller et al. 2014) . We note that this archaeal MCM complex is a hybrid protein with the N-terminal domain (including both the A subdomain and the OB-fold) from Sulfolobus sulfolobus and the C-terminal AAA + domain from Pyrococcus furiosus. Nevertheless, this hybrid MCM is an active helicase, and there are no unusual interactions between the N-terminal and C-terminal domains that would drive movement of the A subdomain.
Further evidence in favor of Mcm10 altering CMG conformation stems from our observation that Mcm10 stabilizes and activates the CMG complex (Figs. 3, 6) . Consistent with the Mcm10-dependent CMG stabilization being due to a conformational change, we found that stabilization does not require the continued presence of Mcm10 (Fig. 3B ). It is unclear what molecular event causes CMG stabilization and when it occurs relative to helicase activation. Mcm10-dependent movement of the Mcm2 A subdomain could reveal additional interaction regions on Mcm2-7 for Cdc45 and GINS, resulting in enhanced stability and helicase activation. Alternatively, Mcm10-dependent stabilization of the CMG complex could occur as a consequence of helicase activation or extrusion of ssDNA from the Mcm2-7 central channel (Fu et al. 2011) . For example, the ssDNA generated by one or both of these events could interact with Cdc45 or GINS (Costa et al. 2014) , resulting in stabilized CMG complexes. Supporting this possibility, Cdc45 is related to the bacterial RecJ ssDNA nuclease and has been shown to bind ssDNA (Bruck and Kaplan 2013; Petojevic et al. 2015) . Finally, given the potential role of OB-fold domains in ssDNA interactions (Ashton et al. 2013; Froelich et al. 2014) , it is also possible that release from the A subdomain allows the Mcm2 OB-fold domain to form more productive interactions with translocating ssDNA. These possibilities are not mutually exclusive.
Our studies combined with previous data suggest that the Mcm2 A domain/OB-fold interface is a nexus for interactions that regulate Mcm2-7 activity. In addition to inhibiting Mcm10 binding, mutations at this interface also lead to reduced Cdc45 and GINS recruitment (Fig. 3D) . These defects are consistent with interactions between Cdc45 and the Mcm2 A subdomain observed in the CMG structure ( Fig. 2A ; Yuan et al. 2016) . Interestingly, of the three OB-fold/A subdomain interface mutants that we tested in vitro, the stronger Mcm10-bypass allele (mcm2-bom1) has only minor CMG formation defects (Fig. 3D) . Thus, bypassing Mcm10 function may involve a balance between opening the OB-fold/A subdomain interface and not disrupting interactions necessary for Cdc45 and GINS binding.
Several explanations are possible for mcm2-bom1 and mcm2-bom2 not being able to bypass a complete MCM10 deletion (Supplemental Fig. S1C ). It is possible that a small amount of residual Mcm10 function is required to allow cells to grow in the presence of the bypass alleles. Furthermore, the inability to bypass Δmcm10 could be due to incomplete disruption of the A subdomain/OB-fold interaction in mcm2-bom1 or mcm2-bom2. Given that Mcm10 catalyzes the committed step of replication initiation, another possibility is that Mcm10 bypass may lead to a deleterious loss of coordination between replication initiation events. Alternatively, Mcm10 could have an additional essential function beyond helicase activation.
Mcm10 stimulates replication elongation
We provide both in vivo ( Fig. 6 ) and in vitro (Fig. 4 ) evidence that Mcm10 stimulates replication elongation. Consistent with a role for Mcm10 in elongation, previous studies have found that Mcm10 travels with the replisome (Ricke and Bielinsky 2004; Gambus et al. 2006; Pacek et al. 2006 ). Furthermore, a temperature-sensitive allele of MCM10 (mcm10-1) causes replication fork pausing at the restricted temperature (Merchant et al. 1997; Homesley et al. 2000) . Supporting the importance of this function, we note that the elongation-defective mcm10-A3 allele is unable to complement the lethal depletion of Mcm10-FRB (Fig. 6B) .
Although a precise mechanism for Mcm10 stimulation of elongation remains to be determined, our studies provide insights into this control. The finding that Mcm10 stabilizes the CMG complex (Fig. 3B ) raises the possibility that Mcm10 binding stimulates elongation by enhancing the processivity of the CMG complex. In addition, both Mcm2-7 2-bom1 and Mcm2-7 2-bom2 lead to longer replication products, suggesting that conformational changes in the OB-fold/A subdomain interface contribute to elongation. It is possible that Mcm10 binding drives changes in the OB-fold/A subdomain interface and that this has a direct impact on the stability or speed of the CMG. Alternatively, changes induced by Mcm10 binding could alter interactions of Cdc45 and GINS with Mcm2-7. Further detailed biochemical studies will be required to test these possibilities.
Does Mcm10 activate initiation and elongation by the same mechanism?
Whether Mcm10 functions during replication initiation and elongation by the same or different mechanisms remains to be determined. The simplest model is that Mcm10 stimulates both events by the same mechanism. Consistent with this idea, our in vitro analyses of the Mcm10-bypass mutants suggest that both the initiation and elongation functions of Mcm10 are impacted by these mutants. The ability to detect replication products in these assays indicates that these mutants facilitate initiation in the absence of Mcm10 (Fig. 3F) . Two observations suggest that the elongation function of Mcm10 is also altered by these mutations. First, in the absence of Mcm10, the length of in vitro replication products correlates with the strength of the Mcm10 bypass allele (Fig. 3F) . Second, when wild-type Mcm10 is present, Mcm2-7 2-bom1 and Mcm2-7 2-bom2 produce longer replication products (Fig. 3F) .
On the other hand, we identified an MCM10 allele (mcm10-A3) that shows differential effects on replication initiation and elongation. This protein is defective for stimulation of replication elongation (Fig. 6A, panel iii) and binding to the CMG (Fig. 6A , panel i) but exhibits capabilities similar to those of wild-type Mcm10 to form salt-stable CMG complexes and stimulate initial DNA unwinding (Fig. 6A, panels i, ii; Supplemental Fig. S5C ). These findings suggest that stable binding to the CMG correlates with the ability to stimulate replication elongation and that a different interaction is involved in stabilizing the CMG and stimulating initial DNA unwinding. Further experiments will be necessary to determine whether and how the Mcm10 mechanism of function differs between initiation and elongation.
Materials and methods
Yeast strains and plasmids
All S. cerevisiae strains were congenic with W303 (ade2-1 trp1-1 leu2-3,112 his3-11,15 ura3-1 can1-100), and the genotypes are summarized in Supplemental Table S2 . Protein expression plasmids are summarized in Supplemental Table S3 .
Protein purification
Mcm2-7/Cdt1, ORC, Cdc6, Ctf4, and Top2 were purified as described previously Yeeles et al. 2015) . Purifications of the remaining proteins are described below.
Buffers
The following buffers were used for protein purification: buffer H (50 mM HEPES-KOH at pH 7.6, 1 mM EDTA, 1 mM EGTA, 5 mM MgOAc, 10% glycerol), buffer I (buffer H, 0.02% NP-40, 0.3 M potassium glutamate [KGlut], 10 mM imidazole), buffer M (buffer H, 0.02% NP-40, 0.3 M KCl), buffer D (buffer H, 0.3 M KOAc, 0.02% NP-40), buffer E (buffer H, 0.4 M NaOAc, 0.01% NP-40), buffer R (50 mM HEPES-KOH at pH 7.6, 10% glycerol, 7 mM MgOAc, 0.01% NP-40, 1 mM ATP), and buffer C (25 mM Tris-Cl at pH 7.2, 10% glycerol, 1 mM DTT).
Yeast cell growth and lysis
All yeast strains were grown in selective medium before being inoculated into 8 L of YEP + 2% glycerol at 30°C. Cells were grown to an OD 600 ∼1 before induction with galactose (2% final concentration). After 4-6 h, the cells were harvested and washed with 200 mL of chilled water + 0.2 mM PMSF. The cells were then resuspended in approximately half-packed cell volume of the indicated lysis buffer containing a protease inhibitor tablet and frozen drop-wise into liquid nitrogen. The frozen cells were lysed using a SPEX SamplePrep freezer/mill. Lysed cell powder was transferred to ultracentrifugation tubes and thawed on ice. The lysate was cleared by centrifugation in a Beckman ultracentrifuge at ≥140,000g for ≥1 h. All steps were done at 4°C.
Flag affinity purification
Cleared lysates were incubated with the indicated amount of packed anti-Flag M2 affinity gel (Sigma) for 2 h at 4°C. After a column wash, the bound proteins were eluted with the indicated buffer, including 0.2 mg/mL 3xFlag peptide (MDYKDHDGD YKDHDIDYKDDDDK; Koch Institute Swanson Biotechnology Center). The first eluate was collected by flowing 1 CV (column volume) of elution buffer over resin. The next four eluates were collected after a 30-min incubation with the elution buffer.
S-CDK
Clb5-Flag and Cdc28-6xHis were overexpressed from ySK119. Clb5 was expressed with a deletion of residues 1-94 to remove a destruction box (Cross et al. 1999) . Cells were resuspended in buffer H, 1 M sorbitol, 0.02% NP-40, 2 mM ATP, and 0.5 M KCl. After cell lysis, the cleared lysate was diluted to 0.3 M KCl with buffer H. The lysate was then incubated with 1 mL of anti-Flag M2 affinity gel equilibrated with buffer M. The resin was washed with 20 CV of buffer M followed by 10 CV of buffer I + 3xFlag peptide. S-CDK was eluted in buffer I. S-CDK-containing fractions were flowed over Complete His tag resin (Roche) twice, washed with 20 CV of buffer I, and eluted with buffer I + 250 mM imidazole. Peak fractions were pooled and applied to a Superdex 200 column (GE healthcare) equilibrated with buffer H, 0.01% NP-40, 1 mM ATP, and 0.3 M KGlut.
Sld3/Sld7
Sld3-3xFlag and Sld7-VSV-G were overexpressed from ySK123. Sld3 was expressed with a deletion of residues 1-104 to remove a putative destruction box. Cells were resuspended in buffer H, 1 M sorbitol, 0.02% NP-40, 2 mM ATP, and 0.8 M KCl. After cell lysis, the cleared lysate was diluted to 0.3 M KCl with buffer H. The diluted lysate was incubated with 1.5 mL of anti-Flag M2 affinity gel equilibrated with buffer M. The resin was washed with 30 CV of buffer M and eluted in buffer M + 3xFlag peptide. Sld3/Sld7-containing fractions were diluted to 0.2 M KCl with buffer H immediately before being applied to a 1-mL HiTrap SP HP column (GE Healthcare). The column was washed with buffer H, 0.02% NP-40, and 330 mM KCl and eluted with buffer H, 0.02% NP-40, and 640 mM KCl.
Sld2
3xFlag-3C-Sld2 was overexpressed from ySK127. Cells were resuspended in buffer H, 1 M sorbitol, 0.02% NP-40, 2 mM ATP, and 0.8 M KCl. After cell lysis, the cleared lysate was dialyzed overnight (16 h) in buffer M with 3 mM ATP and 1 mM PMSF.
The lysate was cleared a second time by spinning at 11,000 rpm for 15 min. Sld2 was purified using 1 mL of anti-Flag resin as described above for Sld3/Sld7 except that 1 mM ATP was added to buffer M. Sld2-containing fractions were diluted to 0.2 M KCl with buffer H immediately before being applied to a 1-mL HiTrap SP HP column. Sld2 was eluted with a 15-CV gradient of 0.2-1 M KCl in buffer H, 0.02% NP-40, and 1 mM ATP.
Dpb11
Dpb11-Flag was overexpressed from yRH154. Dpb11 was purified in a manner similar to Sld2 except for the following modifications. Fractions containing Dpb11 from the anti-Flag column were diluted to 0.1 M KCl with buffer H immediately before being applied to a 1-mL HiTrap SP HP column. Dpb11 was eluted with an 18-CV gradient of 0.1-1 M KCl in buffer H, 0.02% NP-40, and 1 mM ATP. The peak fractions were dialyzed against buffer D.
Cdc45
Cdc45-3xFlag was overexpressed from yMM016. Purification of Cdc45 was based on a previously published protocol (Yeeles et al. 2015) with the following modifications. Cells were resuspended in buffer H, 1 M sorbitol, 3 mM ATP, and 500 mM KGlut. After lysis, the lysate was incubated with 1.5 mL of anti-Flag M2 affinity gel equilibrated with buffer H, 500 mM KGlut, and 2 mM ATP. The resin was washed with 20 CV of buffer H, 500 mM KGlut, and 2 mM ATP followed by 10 CV of 20 mM potassium phosphate buffer (pH 7.4), 150 mM KOAc, and 10% glycerol. Cdc45 was eluted in the previous buffer + 3xFlag peptide. After the hydroxyapatite column, Cdc45 was dialyzed against buffer H and 0.3 M KGlut.
GINS
Sld5, Psf1, Psf3, and Psf2-3C-6xHis-Flag were overexpressed from ySK136. Cells were resuspended in buffer H, 1 M sorbitol, 0.02% NP-40, 2 mM ATP, and 0.5 M KCl. After lysis, the cleared lysate was diluted to 0.3 M KCl with buffer H. The lysate was then incubated with 1.5 mL of anti-Flag M2 affinity gel equilibrated with buffer M. The resin was washed with 20 CV of buffer M followed by 10 CV of buffer H, 0.02% NP-40, and 0.1 M KCl. GINS was eluted in the previous buffer + 3xFlag peptide. The Flag tag on Psf2 was removed with an overnight incubation (16 h) with HRV 3C protease. GINS was flowed over Complete His tag resin to remove uncut GINS and HRV 3C protease before applying the flow-through to a 1-mL HiTrap Q HP column (GE healthcare). GINS was eluted with a 20 CV gradient of 0.1-1 M KCl in buffer H and 0.02% NP-40. The peak fractions were dialyzed against buffer D.
Pol ε
Pol2-3C-5xFlag, Dpb3, Dpb4-3C-6xHis, and Dpb2-3C-Flag were overexpressed from yMH28. Cells were resuspended in buffer E. After cell lysis, the cleared lysate was incubated with 1.5 mL of anti-Flag M2 affinity gel equilibrated with buffer E. The resin was washed with 20 CV of buffer E and eluted in buffer E + 3xFlag peptide. The Flag tags were removed with a 2-h incubation with HRV 3C protease. Pol ε was concentrated using a 10,000 molecular weight cutoff (MWCO) spin column (Sartorius) before being applied to a Superdex 200 column equilibrated with buffer E.
Pol α/primase
Pri1, Pri2, Pol1, and Pol12-3C-Flag were overexpressed from yAS3. Pol α/primase was purified in a manner similar to Pol ε except buffer H, 0.3 M KGlut, and 0.01% NP-40 were used for cell resuspension and all chromatography steps, and an additional Complete protease inhibitor tablet was added during the anti-Flag incubation.
DDK
Dbf4-Flag and Cdc7 were overexpressed from yRH146. Cells were resuspended in buffer H, 0.3 M KGlut, and 0.01% NP-40. After lysis, the cleared lysate was incubated with 1.5 mL of anti-Flag M2 affinity gel equilibrated with buffer H, 0.3 M KGlut, and 0.01% NP-40. The resin was washed with 30 CV and eluted in the previous buffer + 3xFlag peptide.
RPA
The purification was based on a previously published protocol (Gibb et al. 2014 ) with the following modifications. Rosetta 2 Escherichia coli cells were transformed with p11d-tscRPA-30MxeHis6, and 2 L of culture was grown at 37°C in 2xYT + amp + cm. After the Ni-NTA and chitin column, RPA was applied to a Superdex 200 column equilibrated with 20 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA, and 20% glycerol.
Mcm10 and Mcm10-A3
Wild-type Mcm10-Flag and Mcm10-A3-Flag were overexpressed from MLy049 and MLy136, respectively. Flag-3C-Mcm10-V5 was overexpressed from MLy048. Cells were resuspended in buffer H, 1 M sorbitol, 0.05% NP-40, and 0.5 M KCl. After lysis, the cleared lysate was diluted to 0.25 M KCl with buffer H and 0.05% NP-40. The lysate was then incubated with 1.5 mL of anti-Flag M2 affinity gel equilibrated with buffer H, 0.05% NP-40, and 0.25 M KCl. The resin was washed with 30 CV of buffer H, 0.05% NP-40, and 0.25 M KCl and eluted in the same buffer. The eluted protein was diluted to 0.15 M KCl with buffer H and 0.05% NP-40 immediately before being applied to a 1-mL HiTrap SP HP column. Mcm10 was eluted with a 15-CV gradient of 0.15-1.5 M KCl in buffer H and 0.05% NP-40.
Pol δ
Purification of Pol δ was based on a previously published protocol (Langston and O'Donnell 2008) with the following modifications. Eight liters of both yeast and E. coli cultures were used. Pol3-Flag was overexpressed from yAS26. Rosetta 2 E. coli cells were cotransformed with pMM051 and pMM053 and grown at 37°C in 2xYT medium with 100 µg/mL ampicillin, 50 µg/mL kanamycin, and 34 µg/mL chloramphenicol (2xYT + amp + kan + cm). At OD 600 ∼0.6, cells were moved to 25°C and induced with 1 mM IPTG. After a 4-h induction, cells were harvested and resuspended in 15 mL of buffer H (per 1 L of culture), 0.01% NP-40, and 0.3 M KCl. The resuspended E. coli cells were treated with 0.1 mg/ mL lysozyme (from chicken egg white) (Sigma) for 30 min followed by six cycles of sonication (30% amplitude, 10 sec on, 10 sec off) with a Branson digital sonifier (Emerson Industrial Automation). Yeast cells were resuspened in buffer H, 0.01% NP-40, and 0.3 M KCl. After lysis and clarification, yeast and E. coli lysates were combined, and Pol δ was purified in a manner similar to Dpb11.
RFC
Purification of RFC with a deletion of RFC1 from residues 1-274 was based on a previously published protocol (Gomes et al. 2000) with the following modifications. Rosetta 2 E. coli cells were transformed with pBL481, and 4 L of culture was grown at 37°C in 2xYT + amp + cm. At OD 600 ∼0.7, cells were moved to 30°C and induced with 0.5 mM IPTG. After a 3-h induction, cells were harvested in 20 mL of buffer R (per 1 L of culture) and 0.2 M NaCl plus a Complete protease inhibitor tablet. The resuspended cells were treated with lysozyme and sonicated as described for Pol δ. The cleared lysate was applied to 2 mL of Ni-NTA resin equilibrated with buffer R and 0.2 M NaCl. The resin was washed with 50 CV of buffer R and 0.2 M NaCl and eluted with the same buffer with 300 mM imidazole. The eluted protein was diluted to 0.15 M NaCl with buffer R before being applied to a 1-mL HiTrap SP HP column. RFC was eluted with a 24-CV gradient from 0.15-0.75 M NaCl in buffer R. Peak fractions were pooled and applied to a Superdex 200 column equilibrated with buffer R and 0.15 M NaCl.
PCNA
Rosetta 2 E. coli cells were transformed with pMM054, and 1 L of culture was grown at 37°C in 2xYT + amp + cm. At OD 600 ∼0.6, cells were induced with 1 mM IPTG. After 3 h, cells were harvested in 20 mL of 50 mM HEPES-KOH (pH 7.6), 0.1 M KCl, 10% glycerol, 0.01% NP-40, and 10 mM imidazole plus a protease inhibitor tablet. The resuspended cells were treated with lysozyme and sonicated as described for Pol δ. The cleared lysate was applied to 3 mL of Ni-NTA resin equilibrated with the previous buffer. The resin was washed and then eluted with 300 mM imidazole in the same buffer. PCNA-containing fractions were applied to a 1-mL HiTrap SP HP column and eluted with a 20-CV gradient from 0.1 to 1 M KCl in buffer H. Resuspension of the bacterial pellet and purification were done in buffer H and 250 mM KCl. For both 6xHis and MBP purifications, cells were resuspended in 50 mL of buffer, treated with lysozyme, and sonicated as described for Pol δ. The cell lysate was cleared by a 30-min centrifugation at 20,000g. Two milliliters of Ni-NTA resin was used for 6xHis purifications, and 2 mL of amylose resin was used for MBP purifications. Before elusion, resin was washed with 30 mL of buffer, and proteins were eluted with 350 mM imidazole from the Ni-NTA resin and 10 mM maltose from the amylose resin.
Reconstituted DNA replication and CMG formation
The DNA plasmid template pUC19-ARS1 was randomly biotinylated and coupled to streptavidin-coated magnetic beads as described previously (Heller et al. 2011) . Each incubation step was performed in a thermomixer (Eppendorf) with shaking at 1150 rpm at 25°C. Supernatants of each step were removed by applying the reaction to a DynaMag-2 magnet (ThermoFisher Scientific) to isolate the DNA coupled to magnetic streptavidin beads from the supernatant. Mcm2-7 loading was performed by incubating 0.25 pmol of ORC, 0.5 pmol of Cdc45, and 1 pmol of Mcm2-7/Cdt1 with 0.125 pmol of pUC19-ARS1 in 25 mM HEPES (pH 7.6), 10 mM MgOAc, 0.1 mM ZnOAc, 1 mM DTT, 300 mM KGlut, 20 mM phosphocreatine (PC), 6 mM ATP, 0.1 mM EDTA, 0.02% NP-40, 10% glycerol, and 0.2 µg of creatine kinase (CK). The Mcm2-7 loading step was done in a volume of 10 µL and incubated for 30 min. After removal of the supernatant, DDK phosphorylation was performed as described previously in a 10-µL reaction volume for 25 min. After removal of the DDK reaction supernatant, the following amounts of protein were added to the DDK phosphorylated Mcm2-7: 1 pmol of Cdc28/Clb5, 0.3 pmol of DDK, 1 pmol of Sld3/Sld7, 5 pmol of Cdc45, 2 pmol of Sld2, 0.6 pmol of Dpb11, 5 pmol of GINS, 0.15 pmol of Mcm10 (or as indicated), 1.85 pmol of Pol ε, and 2 pmol of RPA. The buffer used for CMG formation contained 25 mM HEPES, 12 mM MgOAc, 0.1 mM ZnOAc, 1 mM DTT, 20 mM PC, 6 mM ATP, 10% glycerol, 0.04 mg/mL BSA, and 0.3 µg of CK. The CMG formation step was done in a volume of 30 µL and was incubated for 1 h. Reactions were washed with the indicated buffer, and proteins were released from the DNA by incubating with 5 U of DNase (Worthington) in 15 µL of buffer H, 150 mM KGlut, and 0.01% NP-40 for 30 min at 25°C before immunoblotting.
To initiate DNA replication, the following amounts of proteins were added along with the proteins from the CMG formation step: 2.5 pmol of Pol α, 0.5 pmol of Top2, 3 pmol of Ctf4, 1 pmol of RFC, 6 pmol of PCNA, 2 pmol of Pol δ, 0.2 mM rNTP, 0.04 mM dNTP, and 10 µCi [α-P 32 ]dCTP. These were included in the buffer to initiate and monitor DNA replication. The DNA replication step was done in a volume of 30 µL and was incubated for 1 h. Reactions were washed with buffer H, 500 mM NaCl, and 0.05% NP-40 before being resuspended in alkaline gel-loading buffer (50 mM NaOH, 4 mM EDTA, 4.5% Ficoll400, 0.01% bromocresol green). DNA replication products were separated in a 1% alkaline agarose gel, dried, and imaged using a phosphor screen. When CMG formation and DNA replication were performed in separate steps, the supernatant from the CMG formation step was removed after 1 h before adding the DNA replication proteins. DNA replication was initiated by omitting all of the proteins used for CMG formation except Pol ε, RPA, and Mcm10 (as indicated). Both the CMG formation step and the DNA replication step were done in a volume of 30 µL and incubated for 1 h each.
The following antibodies were used for immunoblotting: α-Cdc45 (HM7135), α-GINS (HM7128), α-Mcm10 (HM6465), α-Pol ε (HM7602), α-Mcm2 (Santa Cruz Biotechnology, yN-19), α-Mcm5 (Santa Cruz Biotechnology, yN-19), and α-Rfa1 (gift from Steven Brill).
Anchor-away
The base strain (MLy054) for protein anchoring was obtained by crossing Y40434 (Euroscarf) (Haruki et al. 2008 ) and OAy470 to obtain a bar1::hisG MATa version of the Y40434 strain. Next, MCM10 or CDC7 was C-terminally FRB-tagged using plasmids pFA6a-FRB-KanMX6 or pFA6a-FRB-His3 (Euroscarf), respectively. All alleles for mcm10-FRB complementation were expressed from the MCM10 promoter and inserted into the LEU2 locus as a single-copy integration. To drive protein anchoring, solid medium was supplemented with DMSO (1% final concentration) and rapamycin (5 µg/mL final concentration). 
Mass spectrometry
An eluate from anti-Flag M2 affinity gel (Sigma) of an Mcm10-Flag purification was separated on an SDS-PAGE gel, and the band corresponding to Mcm10-Flag was excised. The remainder of the gel lane was subjected to mass spectrometry using standard methods.
Immunoprecipitation
Purified Mcm10-Flag was bound to anti-Flag M2 affinity gel in buffer H, 250 mM KCl, and 0.05% NP-40 for 1 h at 4°C. Purified Mcm2, Mcm4, Mcm5, Mcm6, Mcm7,  or variants of Mcm2 were added to bound Mcm10, incubated for 30 min at 25°C, and washed three times in buffer H, 250 mM KCl, and 0.05% NP-40 (unless stated otherwise in the figure legend). Precipitated proteins were eluted in buffer H, 250 mM KCl, and 0.05% NP-40 with 0.15 mg/mL 3xFlag peptide.
Flow cytometry
Cells were arrested in G1 phase with 20 µg/mL α factor on the hour and arrested in early S phase with 150 mM HU. Cells were released from HU arrest into medium containing 1.5 µg/mL nocodozole. For each time point, 0.5 mL of cells (OD 600 ∼0.6) was fixed in 10 mL of 70% ethanol for at least 15 min. The cells were then washed once with 1 mL of 50 mM sodium citrate. RNA was degraded with 10 µg/mL RNase A in 500 µL of 50 mM sodium citrate for 16 h at 37°C followed by 30 min of 20 µg/mL Proteinase K treatment at 42°C. DNA was stained with 10× SYTOX Green in 100 µL of 50 mM sodium citrate for 30 min and analyzed with a CytoFLEX flow cytometer (Beckman Coulter).
